We aimed to elucidate potential differential effects of hypoxia on cardiorespiratory responses during submaximal cycling and simulated skiing exercise between adults and pre-pubertal children. Healthy, low-altitude residents (adults, N = 13, Age = 40 ± 4yrs.; children, N = 13, age = 8 ± 2yrs.) were tested in normoxia (Nor: P i O 2 = 134 ± 0.4 mmHg; 940 m) and normobaric hypoxia (Hyp: P i O 2 = 105 ± 0.6 mmHg; ~3 000 m) following an overnight hypoxic acclimation ( ≥ 12-hrs). On both days, the participants underwent a graded cycling test and a simulated skiing protocol. Minute ventilation (V E ), oxygen uptake (VO 2 ), heart rate (HR) and capillary-oxygen saturation (SpO 2 ) were measured throughout both tests. The cycling data were interpolated for 2 relative workload levels (1 W · kg − 1 & 2 W · kg − 1 ). Higher resting HR in hypoxia, compared to normoxia was only noted in children (Nor:78 ± 17;
Introduction
Alpine skiing is a popular recreational and competitive sport enjoyed by all generations. It is an activity that requires a complex integration of aerobic and anaerobic processes, as well as cognitive ability [52] . Suitable skiing conditions are often, especially recently, only found at higher terrestrial altitudes [27] . Accordingly, the number of low altitude residents traveling to moderate (2 000-3 000 m) or high altitude ( > 3 000 m) [7] regions for these purposes is increasing significantly. Besides cold, hypoxia resulting from a lower partial oxygen pressure (P i O 2 ), as a consequence of lower ambient pressure, is one of the key environmental challenges encountered during skiing at higher altitudes.
The altitude-induced reduction in both, convective O 2 transfer and systemic O 2 availability [11] results in an almost linear decrease of the maximal aerobic capacity [7, 55] . On the contrary, anaerobic capacity does not seem to be significantly altered as a result of acute exposure to moderate hypoxia [20] . The altitude-induced performance reductions during all-out high intensity efforts are mostly due to aerobic capacity decrements. These decrements in aerobic capacity are compensated for by an increased reliance on anaerobic energy sources. In addition, the effects of acute hypoxia on muscle power and muscle fatigue are currently unclear. While acute hypoxia was demonstrated to have no [29] or minimal effect on voluntary force production [4, 41] some studies have demonstrated significant decrements in maximal voluntary contraction under hypoxic conditions [6, 8, 18] . It is also of note that even moderate levels of hypoxia have been shown to alter cardio-vascular responses to an orthostatic challenge [44] and might therefore influence orthostatic tolerance at altitude.
While the majority of the above studies investigated performance-related effects of hypoxia in adult populations surprisingly little is known regarding altitude adaptation and tolerance in children [2, 33] . This is especially important in light of the fact that both respiratory [12, 50] and cardiac control [49] during rest and exercise undergo significant changes throughout the course of maturation. Springer, et al. demonstrated similar O 2 uptake (VO 2 ) and heart rate (HR) responses during maximal exercise in hypoxia between adults and children [49] . More recently, Kriemler, et al. also showed that children's cardiopulmonary exercise adaptations were similar to that of their fathers at 3 500 meters of altitude [33] . However, the authors assessed responses at maximal exercise intensities rarely encountered during recreational alpine skiing [31, 48] . Therefore, it is currently unclear, if altitude-induced hypoxia exerts any additional negative effects on children's submaximal exercise capacity as compared to the effects observed in adults. This aspect is especially important in light of families with small children that are acutely exposed to hypoxia when traveling from lowland to higher altitudes for skiing.
Accordingly, the present study aimed to elucidate whether submaximal exercise in normoxia and hypoxia produce similar cardiorespiratory responses in both adults and children. Apart from evaluating general short-term adaptation to hypoxia, experimental testing involved measurements of selected variables during a graded cycling exercise and a submaximal exercise on a ski simulator. Moreover, knee muscle strength and orthostatic tolerance were also assessed in both conditions. Due to previously observed similar decreases in maximal aerobic capacity in hypoxic conditions [33, 49] , we hypothesized that cardiorespiratory responses during submaximal hypoxic exercise would not significantly differ between adults and children.
Methods
Participants 13 adults and 13 pre-pubertal children were recruited for participation in the study. All participants were healthy, moderately active, low altitude (~300 m) residents and, except for one adult individual, all others were related (i. e., adults were parents of the participating children). Baseline characteristics of the participants are outlined in ▶Table 1. Exclusion criteria included smoking, asthma, hematological and kidney disorders as well as altitude residence ( > 2 500 m) within the preceding 2 months. Participants were extensively informed regarding the aims and potential risks of the study before providing their written and oral consent. Informed consent for the children was obtained from them and their parents/guardians. The study protocol was approved by the National Medical Ethics Committee of Slovenia and performed in accordance with the ethical principles of the Helsinki Declaration and the standards of the IJSM journal [24] .
Study outline
The experimental protocol was conducted in the normobaric hypoxic facility of the Olympic Sport Centre Planica (Rateče, Slovenia) situated at an altitude of 940 m. Each participant performed the designated tests in the facility over the course of 3 days. During the 3-day experimental period, both adults and children were accommodated in the facility. On the arrival day (Day 1) the participants underwent a medical examination and were familiarized with all testing procedures to be performed on the subsequent 2 days. Special care was taken to familiarize the adults and children to both, cycling and simulated skiing testing protocols. In order to standardize circadian rhythms, the participants were awakened daily at 7:00 a.m. and room lights were turned off at 10:00 p.m. On subsequent days 2 and 3, the participants performed a graded exercise test on a cycle ergometer, a skiing simulation, knee muscle strength assessment and orthostatic tolerance test in normoxia (fraction of inspired O 2 (FiO 2 ) = 0.209; partial pressure of inspired O 2 (P i O 2 ) = 134 ± 0.4 mmHg) and hypoxia (FiO 2 = 0.162 ± 0.003; P i O 2 = 105 ± 0.6 mmHg; simulated altitude of ~3 000 m), respectively. All experimental procedures were performed in the same order and at the same time-of-day during both, normoxic and hypoxic testing days. The participants were not allowed to consume any caffeinated drinks. The adults were also instructed not to ingest any alcohol-containing beverages throughout the 3-day testing period. The experimental protocol was designed to represent a weekend spent skiing at high altitude. Day 1 represented arrival in the evening at a low altitude (940 m) resort, with skiing related activities at this altitude conducted during Day 2. This was followed by spending the night (commencing at 8:00 p.m. on Day 2) and next day (Day 3) at higher altitude (3 000 m). The conditions on the entire floor of the facility were maintained hypoxic on Day 3 until all of the participants had completed the designated tests in hypoxia. The normobaric hypoxia within the rooms, common area and the testing laboratory was generated and maintained by a Vacuum Pressure Swing Adsorption system (VPSA, b-Cat, Tiel, The Netherlands) as described previously [15] . Briefly, the system continuously delivered the O 2 -depleted air into the confinement area to simulate the targeted altitude. Air samples were automatically drawn from living rooms and the laboratory at 15-min intervals and analyzed by the VPSA system for O 2 and CO 2 content. The accumulated CO 2 level within the living area did not exceed 0.5 %.
General adaptation
Adaptation to hypoxia was monitored via morning, resting measures of HR and capillary oxyhemoglobin saturations (SpO 2 ) using a transcutaneous finger pulse oximetry device (Nellcor, BCI 3301, Boulder, USA) with ± 2 unit accuracy across the 70-100 % range [34] . Both measurements in normoxia and hypoxia, were performed in the morning immediately upon awakening. In order to estimate the occurrence of acute mountain sickness (AMS) all participants completed the self-assessment section of the Lake Louise mountain sickness questionnaire [45] each morning, to obtain the Lake Louise score (LLS; 0-15). The LLS collection process for the children was adapted according to the International Federation for Climbing and Mountaineering Medical Commission guidelines [35] .
Graded cycle exercise test
All exercise tests were performed under stable environmental laboratory conditions (22 ± 1.5 °C, 35 ± 8 % RH, 688 ± 3 mmHg). The participants performed a graded exercise test on an electromagnetically braked cycle-ergometer (Ergo Bike Premium, Daum electronics, Fürth, Germany). The participants were required to maintain the pedaling cadence between 60-70 rpm throughout the test with the initial workload set at 30 W and subsequently increased by 30 W every 3 min. The test was terminated when the participants were unable to maintain the prescribed cadence or when the 210 W workload phase was completed. The participants breathed through a facemask (Vmask, 7500 series, Hans Rudolph Inc., Shawnee, USA) connected to a metabolic cart (Quark CPET, Cosmed, Rome, Italy) throughout the tests for continuous measurement of ventilation and the O 2 and CO 2 content of the expired air. The pneumotachograph and the O 2 and CO 2 analyzers were calibrated with a standard 3-L syringe and precision reference gases, respectively. Breathby-breath data of minute ventilation per kilogram of body weight (V E · kg − 1 ), respiratory frequency (Rf), tidal volume per kilogram of body weight (V T · kg − 1 ), O 2 uptake per kilogram of body weight (VO 2 · kg − 1 ) and carbon dioxide production (VCO 2 ) were averaged for the second minute of each work stage. HR and SpO 2 were recorded continuously during exercise using a fingertip pulse oximetry device 3100 WristOx (Nonin Medicals, Minnesota, USA).
Ski simulation test
The simulated skiing exercise was performed on a ski simulator (PRO ski simulator, Rače, Slovenia), which mimicked slalom skiing. The participants were requested to stand on a foot plate with rollers, positioned on 2 bell-shaped rails. The foot-plate was attached to both ends of the rails with elastic cords. During the exercise, the participants pushed the foot plate from one side of the rails to the other. This sliding maneuver to one side of the rails stretched the elastic cords on the opposite side of the rails. Thereby the elastic cords provided resistance in one direction and also assisted in the next slide to the other side. The load utilized during the ski test on the PRO ski simulator was adjusted according to the manufacturer instructions and was set based on participants' body mass by adding or removing elastic cords (typically 1 or 2 cords for children; 3 to 6 cords for adults) affixed to the footplate. As the participant pushed the footplate from side to side, the elastic cords stretched and provided the designated resistance. During this simulated skiing, the participants held onto a handle bar in front of them for safety purposes. Also, an investigator was situated behind them on the platform to prevent any falls. All participants completed three 2-min long exercise bouts on the ski simulator separated by 2-min rest periods. The sliding frequency was controlled using a metronome and was set at 60 · min − 1 for the adults and 50 · min − 1 for the children. Albeit the exact workload of the ski simulator cannot be directly measured or calculated, the same resistive load and sliding frequency was used during normoxic and hypoxic test for each individual, thereby ensuring comparable absolute workloads in both conditions. The cardiorespiratory parameters were measured continuously throughout the test as detailed in the previous paragraph.
Muscle strength assessment
Maximum voluntary contraction (MVC) of the knee extensors and flexors was assessed using a calibrated isometric dynamometer (Biodex Medical Systems, System Pro 4, Shirley, New York, USA). Prior to each test, the participant was strapped tightly to the chair and the center of rotation for the knee joint was aligned with the axis of rotation of the dynamometer. The angle of the knee joint during the test was set at 60 °. The participants were requested to conduct 3 maximal effort contractions of each muscle group (flexion, extension). The protocol used was: 5-second isometric contraction of the agonist followed by a 5-second recovery, then a 5-second isometric contraction of the antagonist followed by a 5-second recovery. The pattern was repeated until 3 contractions of each type were completed. As the children were not all of sufficient height and size to fit the Biodex chair perfectly, a firm cushion was used behind their back to move them forward into the ideal position. The maximal strength was taken as the peak isometric force attained during any one of the three 5-second contractions.
Orthostatic tolerance test
A head-up tilt test was performed in a quiet thermally comfortable area. The manual tilt table was equipped with a footplate support. After a 3-min resting period in the supine position, the participants were tilted to a 60 ° head-up position for a 6-min period after which the test was terminated. HR was measured continuously during both supine and tilt phases of the test using a finger pulse oximetry device (Nellcor, BCI 3301, Boulder, CO).
Data analyses
The data are presented as means ± standard deviations unless indicated otherwise. General linear model analysis for repeated measures was used to evaluate the significance of changes from normoxic to hypoxic conditions between groups. Therefore, a 2 (Group: children, adults) × 2 (Condition: normoxia, hypoxia) general linear model was conducted for each parameter. Statistical significance was set a priori at p ≤ 0.05. External workload (W) during the cycle test was converted into W · kg − 1 for each participant by dividing the absolute work done (W) by total body mass. Additionally, the data obtained were analyzed at rest and interpolated for 2 relative workload levels (1 W · kg − 1 & 2 W · kg − 1 ). The data obtained during the third exercise bout on the ski simulator was used for data analysis. A power calculation for the assessment of the effects of hypoxia on the select cardiorespiratory markers during the cycling exercise was performed using our previous data sets [14, 16] . The analysis indicated that at an alpha value of 0.05 and a sample size of ≥ 10 was required to obtain ≥ 0.85 power for the main outcomes (VO 2 & V E ). All analyses were performed using the SPSS package (version 15.0, SPSS Inc., Chicago, USA).
Results

General adaptation
As noted in ▶Fig. 1, morning HR was significantly higher during hypoxia than normoxia in children (p < 0.01). Surprisingly, no difference between the 2 conditions was observed in the adult group. A significant reduction in SpO 2 was observed in both groups (p < 0.01) with 
Graded cycle exercise test
The measured cardiorespiratory data during the cycle tests in normoxia and hypoxia are presented in ▶ Table 2 . The V E · kg − 1 , Rf, VO 2 · kg − 1 , VCO 2 and HR responses were higher during the hypoxic cycle test compared to the normoxic test in both groups (p < 0.05). However, there were no significant differences in response to hypoxia in respiratory parameters, HR and SpO 2 between groups.
Ski simulation test
The relative change in HR between normoxic and hypoxic skiing was significantly higher in children than in adults (p < 0.05). All other measured cardiorespiratory responses, normalized per body mass, during the skiing protocol were comparable between groups (▶ Table 3 ). The V E · kg − 1 , Rf, V T · kg − 1 and HR responses in both groups were higher during the hypoxic compared to normoxic trial (p < 0.05). On the contrary, the VO 2 · kg − 1 during simulated skiing was lower in hypoxia compared to normoxia (p < 0.01).
Muscle strength
No within-group differences were noted for knee flexion or knee extension MVC between the normoxic and hypoxic conditions. Obviously, the knee flexion and extension MVC were significantly higher in adults compared to children (▶Fig. 2; p < 0.01).
Orthostatic tolerance test
HR was significantly higher during the 60 ° head-up tilt compared to the supine position in both groups (adults and children) and both environmental conditions (normoxia and hypoxia; ▶Fig. 3). Compared to normoxia, HR was significantly higher throughout the hypoxic tilt test in children only (p < 0.01).
Discussion
The results of the present study suggest that the hypoxia-induced decrement in submaximal exercise performance at a simulated altitude of 3 000 m does not seem to be significantly different between adults and children. Except for a greater HR response during hypoxic compared to the normoxic skiing simulation in children, there were no significant differences in any other cycling and skiing cardiorespiratory responses between the groups. Moreover, no significant differences between the tested groups were noted in knee muscle strength as well as the HR responses during the orthostatic challenge. In addition, no serious untoward effects of hypoxic exposure were observed in the participants albeit, high LLS scores were noted in 3 adults and 3 children following nocturnal hypoxia. Nevertheless, no other signs of AMS were noted as confirmed by the attending pediatrician. Also, on-site ophthalmological examinations revealed no evidence of altitude retinopathy, a potential precursor of AMS. Collectively, the above data suggest that, in relative terms, the cardiorespiratory responses to submaximal hypoxic exercise are comparable between adults and children.
The obtained results are in accordance with both previous studies [33, 49] investigating potential differences between adults and children during maximal intensity hypoxic exercise. However, as noted above, the present study evaluated the potential detrimental effects of hypoxia on children's ability to perform submaximal exercise (i. e., typical exercise intensity during recreational alpine skiing). Therefore, a graded cycling exercise and a submaximal exercise on a ski simulator were employed. Indeed, the results of the VO 2 · kg − 1 and HR in normoxia (▶Table 3) suggest that the intensities of simulated ski exercises were similar to the intensities experienced during recreational alpine skiing as reported previously [31] .
The physiological differences noted between adults and children during the normoxic tests in the present study are in line with those previously reported [3, 46, 47] . Children demonstrated higher V E · kg − 1 , Rf, VO 2 · kg − 1 , HR and a lower VCO 2 in comparison with the adults during both, rest and at the 2 work levels during cycling (▶Table 2) and skiing exercise (▶Table 3). The higher V E · kg − 1 during exercise in children could be underlined by increased sensitivity to CO 2 [3] as well as hypoxia-induced chemoreceptor stimulation [19] . The higher V E · kg − 1 in children during higher cycling intensities (i. e., cycling at 2 W · kg − 1 work load) and during the skiing test was predominantly driven by greater Rf since V T · kg − 1 was significantly lower in children compared to adults across the range of the measured intensities (▶ Table 2 and 3) . It is of note that the ▶Fig. 1 Resting morning heart rate (HR; upper panel) and capillary oxyhemoglobin saturation (SpO 2 ; lower panel) in adults and children in normoxia and hypoxia (means ± SD). * Indicates significant difference compared to Normoxia (p < 0.01). Data are presented as means ± standard deviations for cardiorespiratory variables at rest and 2 workloads (1 W/kg, and 2 W/kg) in normoxic (N) and hypoxic (HY) conditions. Results of 2 × 2 repeated measures ANOVA are presented as P-values for the condition effect (N, HY), the group effect (adults, children) and the interaction effect. Measurements: V E /kg, minute ventilation per kilogram of body weight; Rf, respiratory frequency; V T /kg, tidal volume per kilogram of body weight; VO 2 /kg, oxygen uptake per kilogram of body weight; VCO 2 /kg, carbon dioxide production per kilogram of body weight; HR, heart rate; SpO 2 , capillary oxygen saturation higher Rf might compromise exercise ventilation efficiency of children [47] . The fact that higher Rf also increases the work of breathing and thereby contributes to a higher overall energy cost of exercise, especially at higher exercise intensities, could at least partly explain the higher VO 2 · kg − 1 noted during normoxic cycling and skiing in children as compared to adults. It should be emphasized that during high ventilatory levels, usually observed during intense exercise, the O 2 cost of breathing represents a significant fraction of total O 2 uptake ( ≈ 10-14 %) [17] . In addition, higher cardiac response in children might have also contributed to the observed higher VO 2 · kg − 1 , due to higher myocardium activity and subsequent increased energy demand. The potential influences of anthropometric differences such as greater surface area/body mass ratio, and immaturity of metabolic pathways (i. e., limited glycolytic capacity in younger individuals) could also underlie higher exercise VO 2 · kg − 1 in children [47] . The higher exercise HR responses observed in children as compared to adults were likely the result of a compensation for a lower stroke volume with the aim of matching cardiac output to the demand. Lower stroke volume in children is an obvious result of a smaller heart size [51] . Additionally, a higher HR could also be related to higher sensitivity of peripheral chemoreceptors during hypoxic exercise in young children as compared to adults [50] . Collectively, our comparative normoxic exercise data are in line with the very recent review [42] suggesting that while children do seem to have similar exercise responses to trained adults the contribution of aerobic metabolism to the net energy expenditure is higher.
Children's morning HR responses were significantly higher in hypoxia compared to normoxia while there were no differences observed in the adults (▶Fig. 1). The lack of an increased HR in adults upon hypoxic exposure is especially surprising, given that the HR augmentation is one of main autonomic responses to acute hypoxemia and has already been documented by Glaisher in 1862 [23] . Indeed, when looking at the individual HR responses, the adults and children do not differ much with 9 out of 13 individuals in both groups demonstrating higher HR levels in hypoxia than normoxia. All 3 children with lower HR in hypoxia had only minor reductions (i. e., 3-6 beats · min − 1 ) whereas one adult individual exhibited a significant reduction of HR in hypoxia (15 beats · min − 1 ). However, it is of note that no change in resting HR in hypoxia was also observed in adults during the supine resting part of the orthostatic tolerance test. One potential explanation for the lack of the HR changes in adults could be that the employed hypoxia level was too low to induce a significant and measurable HR response, known to be dose-dependent. Indeed, it has been shown previously that ex- posures to simulated altitude of 3 000-4 000 m do not seem to induce significant changes in HR as compared to normoxia [38] , whereas more severe hypoxic conditions such as sojourns to 5 050 m terrestrial [40] or exposures to 8 230 m simulated altitude [53] resulted in a significantly higher resting HR responses. Collectively, these data indicate that the cardiac response of children does seem to be more sensitive to acute hypoxia than that of the adults. This is likely due to the fact that children have higher sympathetic and chronotropic activity as a consequence of their relatively smaller heart and subsequent lower cardiac output in comparison with adults [51, 54] . In regards to the hypoxic adaptation at rest, it is also of note that we did not observe any significant difference in LLS between adults and children following nocturnal hypoxia, which seems to be in line with previous studies on the topic [32] . As indicated above, relatively high LLS scores were noted in 3 adults and 3 children. However, given the fact that these scores were mostly driven by high headache levels and no other signs of AMS were observed by the attending pediatrician, these were probably related to participants' activity levels on the previous day. This is also supported by the fact that no evidence of altitude retinopathy was noted during the ophthalmological examinations in hypoxic condition. The parallel changes in V E · kg − 1 , VO 2 · kg − 1 and HR in both groups during hypoxic exercise indicate that there were no major differences between the groups in the cardiorespiratory responses during the 2 types of exercise. For a given submaximal intensity of cycling and during skiing, the V E · kg − 1 , and HR were significantly higher in hypoxia than that observed in normoxia in both groups (▶ Table 2 , 3) . The increased exercise V E as a consequence of decreased P i O 2 levels, is one of the main acute physiological responses to hypoxia, predominantly driven by augmentation of the central inspiratory drive [36] . Thus, higher V E during hypoxic exercise was part of the compensation at the alveolar level for a lower P i O 2 in inspired air. An elevated HR noted during both exercise tests in the present study was most likely a consequence of a hypoxic influence on the autonomic nervous system (i. e., sympathetic stimulation and parasympathetic withdrawal) [4, 10] . Both elevated V E and HR (considering the Fick equation) during hypoxia in comparison to normoxia were therefore the mechanisms for providing adequate O 2 availability, especially during exercise. However, the VO 2 · kg − 1 during submaximal cycling and skiing exercise in normoxic and hypoxic condition demonstrated differential responses. In particular, hypoxia in comparison to normoxia induced a significantly higher and lower VO 2 · kg − 1 during cycling and simulated skiing, respectively (▶Table 2, 3). Previous studies regarding the O 2 consumption responses during submaximal hypoxic exercise provide ambiguous outcomes. Indeed, a lower [28] , unchanged [1, 26, 39] or higher [31] VO 2 was previously observed during hypoxic vs. normoxic submaximal exercise at the same absolute power. When exercise is performed at the same relative workload, hypoxia provokes similar or even lower VO 2 response, likely underlined by the reduction of the VO 2 slow component response under hypoxemic conditions [25] . The elevated V E · kg − 1 levels during hypoxic cycling may have provoked higher O 2 cost of breathing due to the greater work performed by the diaphragm and the accessory respiratory muscles. This is especially likely, given that the same absolute workloads were employed during both normoxic and hypoxic cycling testing. Thus, the relative workload (and thereby the energy demand) was significantly higher in hypoxia. Taken together, the observed higher VO 2 · kg − 1 during cycling in hypoxia compared with normoxia could be underlined by increased ventilatory levels as a consequence of higher relative workload in hypoxia compared to normoxia.
In contrast to cycling, lower VO 2 · kg − 1 levels were observed during hypoxic in comparison to normoxic skiing (▶Table 3). One possible explanation could be the intensity of skiing simulation. The ▶Table 3 Cardiorespiratory responses of adults and children during the ski simulation exercise in normoxia and hypoxia. obtained results of VO 2 · kg − 1 and HR during normoxic skiing suggest that: 1) the intensity of simulated ski exercise in the present study is similar to the intensities of alpine skiing at recreational level [31] and 2) the intensity of exercise on the ski simulator was higher than that at the cycling test (▶Table 2, 3) . Unfortunately, we did not measure blood gases and/or lactate kinetics. This would be especially valuable since reduced VO 2 during exercise at the same absolute power output in hypoxia maybe associated with a higher blood lactate accumulation or indeed, a lower rate of lactate clearance [28] . The second potential explanation for the lower VO 2 · kg − 1 during hypoxic in comparison with normoxic skiing could be that the type of exercise performed on the ski simulator was new for all participants. Even though the participants were extensively familiarized with the simulator and the technique required, it is possible that a learning effect biased the outcomes. In particular, the hypoxic simulated ski exercise was always performed after the normoxic test. Thereby, the reduced VO 2 · kg − 1 during simulated skiing in hypoxia may be a consequence of the improved efficiency due to the learning effect rather than an increase in the anaerobic component utilized in the ski exercise. As noted previously, there are mixed results regarding the effect of hypoxia on force production [4, 6, 8, 18, 29, 41] , which in and of itself warrants further research. However, as also demonstrated by Girard, et al. [22] a larger decrease in knee torque during high altitude (~3 600 m), compared to low altitude (~1 800 m) seems a common observation. While they [22] investigated the decrement in neuromuscular performance following an intense exercise, we focused on assessing potential decrement in maximal force production under hypoxia. Especially, given that the submaximal responses were already assessed during both cycling and skiing. While, the present study did not detect any significant changes in MVC isometric force production at a knee angle of 60 °, that does not imply that hypoxia does not exert any effect during different modes (isokinetic) or intensities (submaximal) of exercise. However, given that there was no difference in MVC in the children as a result of the hypoxic stimulus, the data obtained suggest that children seem to follow the same pattern as adults at maximal exertion. Although the neuromuscular chain may be affected at any point due to limited O 2 availability, it appears that for a 5-second maximal isometric contraction, the tested level of hypoxia does not exert any important influence in either adults or children. Perhaps during longer more aerobic contractions, a decrement in performance would become measurable [5, 13] , although Fulco, et al. [21] postulated that exhaustion following constant rate knee extension was related to impaired shortening velocity rather than failure of maximal force generation. This may, at least in part explain the current findings.
It was previously also shown that moderate normobaric hypoxia ( ≈ 3 300 m simulated altitude) can alter cardio-vascular responses during orthostatic challenge [44] . In particular, Rickards and Newman [44] showed that HR modulation during orthostatic manipulation is blunted in hypoxia. Nevertheless, our data did not reveal any significant effect of hypoxia on tilt-induced HR changes. It is of note, however, that higher HR responses throughout the orthostatic manipulation in hypoxia compared to normoxia were only observed in children.
While this was the first study to-date that comprehensively assessed the effects of hypoxia during submaximal cycling and skiing as well as muscle power and orthostatic tolerance between adults and children, a few limitations need to be acknowledged. First, we did not monitor any hormonal or hematological responses during and after the tests. Given that acute hypoxia has been shown to increase levels of circulating catecholamines [30] this aspect should be taken into account in future studies. In addition, parameters of acid-base blood status would also help us to elucidate any potential influence of metabolic acidosis or respiratory alkalosis (hypoxiarelated hyperpnoea) on the measured cardiorespiratory markers. Second, the standardization of the simulated skiing exercise, especially the sliding frequency, was difficult to keep stable, especially for the younger participants. Third, the 3-min duration of each workload during the graded cycling test was shorter than the stepduration ( > 3-min) usually employed during the tests aiming to obtain "steady-state" submaximal values [9] . We opted for the shorter workload duration due to the fact that the participants were untrained adults and children, who may be less motivated to perform longer exercise test (especially at higher exercise intensities). Thus, the fact that steady state was not achieved in all participants at all intensities needs to be taken into account. Fourth, we did not group the participants based on sex. This is especially important given that the work of breathing during rest and exercise as well as respiratory responses to normoxic and hypoxic exercise seem different between males and females [17] . The greater O 2 cost of exercise-induced hyperpnoea, reported in females, may provoke altered exercise blood flow re-distribution and thereby differentially modulate select cardiorespiratory responses. Finally, since we employed normobaric hypoxia as a surrogate for terrestrial altitude exposure, one also needs to consider the fact that some previous studies performed at similar or higher altitudes reported differences in physiological responses (i. e., ventilation and oxidative stress levels) between the normobaric and hypobaric hypoxia [37, 43] .
In conclusion, except for a greater HR response during hypoxic skiing simulation in children, no other significant differences in the exercise responses were noted between groups. Furthermore, knee muscle strength, as well as HR and SpO 2 responses to orthostatic challenge, were also comparable between groups. Collectively, these data suggest that the cardiorespiratory responses to submaximal hypoxic exercise are comparable between adults and children. Children's aerobic performance and skiing ability in hypoxia do not seem to be affected to any greater degree than that observed in adults.
